Multiple DNA methylation changes in the cancer methylome are associated with the acquisition of drug resistance; however it remains uncertain how many represent critical DNA methylation drivers of chemoresistance. Using isogenic, cisplatin-sensitive/resistant ovarian cancer cell lines and inducing resensitizaton with demethylating agents, we aimed to identify consistent methylation and expression changes associated with chemoresistance. Using genome-wide DNA methylation profiling across 27 578 CpG sites, we identified loci at 4092 genes becoming hypermethylated in chemoresistant A2780/cp70 compared with the parental-sensitive A2780 cell line. Hypermethylation at gene promoter regions is often associated with transcriptional silencing; however, expression of only 245 of these hypermethylated genes becomes downregulated in A2780/cp70 as measured by microarray expression profiling. Treatment of A2780/ cp70 with the demethylating agent 2-deoxy-5 0 -azacytidine induces resensitization to cisplatin and re-expression of 41 of the downregulated genes. A total of 13/41 genes were consistently hypermethylated in further independent cisplatin-resistant A2780 cell derivatives. CpG sites at 9 of the 13 genes (ARHGDIB, ARMCX2, COL1A, FLNA, FLNC, MEST, MLH1, NTS and PSMB9) acquired methylation in ovarian tumours at relapse following chemotherapy or chemoresistant cell lines derived at the time of patient relapse. Furthermore, 5/13 genes (ARMCX2, COL1A1, MDK, MEST and MLH1) acquired methylation in drug-resistant ovarian cancersustaining (side population) cells. MLH1 has a direct role in conferring cisplatin sensitivity when reintroduced into cells in vitro. This combined genomics approach has identified further potential key drivers of chemoresistance whose expression is silenced by DNA methylation that should be further evaluated as clinical biomarkers of drug resistance.
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Introduction
Ovarian cancer often presents at an advanced stage with limited chances for curative treatment (Ozols, 2004) . Common treatment strategies include debulking surgery in combination with chemotherapy, which usually consists of a platinum-based compound, such as cisplatin/carboplatin and a taxane, for example, paclitaxel. Despite responses to first-line chemotherapy in a high proportion of patients, many will relapse and eventually develop resistance to currently available treatment options, making the acquisition of clinical drug resistance one of the major challenges in ovarian cancer therapy and a limiting factor in patient survival (Cannistra, 2004) .
Platinum drugs are DNA cross-linking agents exerting their effect mainly via the formation of intra-strand adducts between adjacent guanosines that interfere with transcription and replication, eventually leading to cell death (Kartalou and Essigmann, 2001; Wang and Lippard, 2005) . Several mechanisms have been suggested to participate in conferring platinum-resistant properties to a tumour cell such as genetic alterations in genes involved in DNA repair, drug uptake, apoptosis, cell cycle control and IGF signalling pathways (Johnstone et al., 2002; Luqmani, 2005; Edwards et al., 2008; Broxterman et al., 2009; Eckstein et al., 2009 ). More recently, it has been proposed that, in addition to genetic changes, aberrant epigenetic marks can critically contribute to the acquisition of drug resistance (Sharma et al., 2010) . In cisplatin-resistant cancer cells, in particular, multiple DNA methylation changes at promoter CpG islands and associated transcriptional gene silencing have been reported (Teodoridis et al., 2005; Dai et al., 2008; Chang et al., 2010) . For instance, methylation at MLH1, a mismatch repair gene, is acquired in about 25-35% of ovarian cancer patients following platinum-based chemotherapy and has been shown to be associated with poor patient survival (Strathdee et al., 1999; Gifford et al., 2004) . Importantly, reversal of MLH1 epigenetic silencing by demethylation or re-expression of the gene was demonstrated to resensitise tumour cells to subsequent chemotherapeutic treatment in vitro and in vivo (Plumb et al., 2000; Papouli et al., 2004; Steele et al., 2009) . MLH1 might, therefore, represent one of the key genes driving chemoresistance in ovarian cancer cell lines. However, although the role of methylation changes at MLH1 has been well characterized, for the majority of aberrant DNA methylation events it is not particularly clear whether they are associated with response to chemotherapy or are just occurring by chance due to a methylator phenotype or simply as random methylation events (Issa, 2004) during platinum selection or DNA damage induction. In analogy to the concept of 'driver and passenger' mutations emerging during carcinogenesis, methylation changes could either represent 'drivers' of chemoresistance based on their potential to provide the cell with a selective advantage or 'passenger' events, with no substantial impact on chemosensitivity (Greenman et al., 2007) .
We hypothesized that, in analogy to driver mutations, there might be a subset of epigenetic changes that are causally associated with the acquisition of chemoresistance. In order to identify the proportion of epigenetically altered genes driving platinum resistance in ovarian cancer, we have analysed acquired DNA methylation changes in a human ovarian cancer cell line model of cisplatin resistance and expression changes associated with acquired resistance or following resensitization with demethylating agents. We then examined the generality of the changes observed in ovarian tumours at relapse following chemotherapy.
Results
Cisplatin selects preferentially for DNA hypermethylation in A2780-chemoresistant cell lines To identify DNA methylation changes associated with changes in gene expression and differential cisplatin chemosensitivity, we used the human A2780 ovarian cell line model that consists of sensitive and matched isogenic platinum-resistant lines derived from A2780 cells by repeated exposures to increasing levels of cisplatin (Anthoney et al., 1996) . We performed genome-wide DNA methylation profiling of resistant A2780/cp70, A2780/MCP1 and A2780/MCP6 compared with non-selected A2780p5 and A2780p6 clones employing Infinium HumanMethylation27 BeadArrays that comprise 27 578 CpG sites across more than 14 000 genes. In a first step, differentially methylated genes were extracted as showing a significantly increased or decreased difference of beta (7Db7) corresponding to a false discovery rate (FDR) o0.05 estimated from biological replicates within the study (7Db7B0.1) between A2780/cp70 versus A2780 at X1 associated CpG site (see Materials and methods). Using these criteria, we identified multiple methylation changes between A2780/ cp70 versus A2780 (Figure 1 ): X1 CpG sites at 4092 genes were hypermethylated, whereas only 1289 genes became hypomethylated following exposure to cisplatin, suggesting that hypermethylation occurs more frequently than hypomethylation during the process of selection for acquired cisplatin chemoresistance.
Methylation changes in cisplatin-resistant lines associate with gene expression changes in only a subset of genes In a second step, we examined the expression profiles of sensitive A2780 and resistant A2780/cp70 cell clones using Affymetrix HG-U133 Plus 2.0 Arrays and identified differentially expressed genes by applying rank products analysis (Breitling et al., 2004) . Aberrant DNA methylation at CpG island (CGI) has been shown to critically affect gene expression and is strongly associated with transcriptional repression (Jones and Baylin, 2002; Esteller, 2008) . We assumed that expression changes associating with hypermethylation in chemoresistant A2780/cp70 as compared with A2780 would likely represent silencing events associated with the drug-resistant phenotype. We identified a total of 1370 genes showing significant gene expression changes, with 687 genes going up and 683 genes going down in resistant versus sensitive cell lines. We further filtered for those genes where hypermethylation associated with reduced expression in chemoresistant A2780/cp70 cells. Only a small proportion of hypermethylated genes that are downregulated become re-expressed following treatment with decitabine In order to identify DNA methylation changes associating with changes in gene expression and differential cisplatin chemosensitivity in this cell line model, we combined our data with expression profiles of A2780/ cp70 cells treated with either the DNA methyltransferase inhibitor (DNMTi) 2-deoxy-5 0 -azacytidine (decitabine, DAC), the histone deacetylase inhibitor (HDACi) Belinostat or a combination of both at conditions and time point known to induce chemosensitization in this cell line (Steele et al., 2009) . We reasoned that genes affecting drug sensitivity via hypermethylation-associated silencing in chemoresistant cells would become switched backed on following pharmacological intervention of methylation and/or deacetylation. DNMTi treatment can function synergistically with an HDACi in restoring gene expression (Cameron et al., 1999) , and sequential exposure of cells to DNMTi and HDACi might, therefore, lead to re-expression of additional genes.
Treatment with DAC resulted in re-expression of 41 out of the 245 genes that were hypermethylated in addition to being downregulated in A2780/cp70 cells ( Figure 2 , Supplementary Table S1). A total of 45 genes became switched back on following combined treatment with DAC and the HDACi Belinostat. Exposure to Belinostat alone reinduced the expression of only 10 genes that were downregulated in addition to being hypermethylated in untreated A2780/cp70 cells. Comparison of the gene lists showed a big overlap between the 41 (DAC) and 45 (DAC þ Belinostat) re-expressed genes, with 40/41 genes being contained within the list of 45 genes, suggesting that addition of the HDACi does not add substantially to the number of genes reactivated by DAC alone. We further compared DNA methylation profiles of A2780/cp70 cells following drug treatment with untreated A2780/cp70. Using a differential methylation cutoff of |Db|X0.1, we validated that all of the 41 DAC-responsive genes became demethylated at X1 associated CpG site following treatment with DAC. This substantiates that re-expression of the 41 DAC-induced genes was truly mediated by DNA demethylation (Supplementary Figure S2) .
A small set of 13 genes are strong candidates as epigenetically silenced cisplatin-resistant drivers In order to identify drug resistance-associated methylation changes that were independent of clonal effects, we further filtered for genes showing consistent hypermethylation of reinduced genes in independently selected cisplatin-resistant A2780 derivatives. Out of the 4092 hypermethylated genes initially identified in A2780/cp70, 1824 genes were also hypermethylated in the two independent cisplatin-resistant derivatives, A2780/MCP1 and A2780/MCP6 ( Figure 3 ).
Among those 1824 hypermethylated genes, a small proportion of only 13 genes (ARHGDIB, PSMB9, HSPA1A, ARMCX2, MEST, FLNC, MLH1, MDK, GLUL, FLNA, NTS, COL1A1 and NEFL) became re-expressed in A2780/cp70 following treatment with DAC (Table 1 , Figures 3 and 4a ). Epigenetic silencing of MLH1 has previously been shown to be a clinically relevant mechanism of acquired cisplatin resistance in ovarian cancer (Gifford et al., 2004) , and re-expression of MLH1 confers increased cisplatin chemosensitivity in xenograft models (Plumb et al., 2000) . MLH1 was identified among the list of 13 genes supporting our approach and substantiating the notion that aberrant methylation of a small set of genes can putatively drive the acquisition of cisplatin resistance.
Combined DAC and Belinostat treatment did not markedly increase the number of re-expressed genes, with 14 commonly hypermethylated genes becoming switched back on in the resistant cell line (ARHGDIB, Figure 2 Re-expression of genes in chemoresistant A2780/cp70 cells following treatment with epigenetic remodelling agents. In all, 41 genes (DAC), 45 genes (DAC þ Belinostat) or 10 genes (Belinostat) become reactivated following treatment respectively. Venn diagrams show the overlap between number of genes being hypermethylated in untreated A2780/cp70 (green circle), being downregulated in untreated A2780/cp70 (pink circle) and genes with increased expression following drug exposure in A2780/cp70 as compared with A2780 cells (blue circle). A full colour version of this figure is available at the Oncogene journal online.
Epigenetic drivers of resistance in ovarian cancer C Zeller et al PSMB9, HSPA1A, ARMCX2, MEST, FLNC, MLH1, MDK, GLUL, NTS, COL1A1, NEFL, SERPINB2 and HIST1H2BF). Again, we observed a strong overlap between genes being reinduced following DAC and combined DAC/Belinostat treatment. Only SERPINB2 and HIST1H2BF were exclusively DAC/Belinostat responsive, suggesting that synergistic demethylation and acetylation are necessary for their reactivation. In contrast, only one gene (GLUL) was being reinduced following Belinostat treatment alone in addition to being consistently hypermethylated across resistant A2780 cell lines. Interestingly, GLUL was also reactivated following DAC and combined DAC/Belinostat treatment. However, the effect of Belinostat alone on GLUL expression was very subtle with a low fold change, suggesting that DAC-induced demethylation is still required for full restoration of gene activity.
We further validated our array-based findings in the A2780 cell line model by using bisulphite pyrosequencing and quantitative real-time PCR. We arbitrarily chose the three genes MEST, FLNC and ARHGDIB that were commonly hypermethylated in independent cisplatin-resistant cell lines (Figure 4 ) and became reexpressed following DAC as well as combined DAC/ Belinostat treatment. FLNC and MEST are both associated with CGIs, whereas ARHGDIB does not contain a CGI. Acquired hypermethylation was confirmed for MEST, FLNC and ARHGDIB in resistant versus sensitive A2780 cell lines (Figure 4b ). The observed differences in CpG methylation between sensitive and resistant lines at 39%, 42% and 27% corresponded to a Db of 0.38, 0.43 and 0.23 for MEST, FLNC and ARHGDIB, respectively (Figure 4 ). Hypermethylation of the three genes was associated with Figure 3 A small percentage of consistently hypermethylated genes is affected following resensitization with epigenetic remodelling agents. Out of 1824 genes hypermethylated in independent cisplatin-resistant A2780 derivatives, only 13 genes become re-expressed following DAC treatment, 14 genes become reactivated following combined DAC and Belinostat treatment and only 1 gene becomes re-expressed following Belinostat treatment. Venn diagrams show the overlap between genes being hypermethylated in chemoresistant A2780/cp70, A2780/MCP1 and A2780/MCP6 (green circle), being downregulated in untreated A2780/cp70 (pink circle) and genes with increased expression following drug exposure in A2780/cp70 as compared with A2780 cells (blue circle). A full colour version of this figure is available at the Oncogene journal online. (Figures 4b and c) . We also tested mRNA expression of the three genes in independent cisplatin-resistant A2780/MCP1 and A2780/MCP6 and found downregulation to be associated with hypermethylation in these cell lines (data not shown).
Candidate drug-resistant genes commonly acquire methylation in independent in vivo derived ovarian chemoresistant cells and in tumours at relapse In order to address how the small set of epigenetically inactivated candidate resistance drivers impacts on clinical drug resistance, we evaluated their methylation status in three independent pairs of in vivo derived chemonaive and chemoresistant ovarian tumour cell lines derived from patients before chemotherapy and at the time of developing clinical resistance (Langdon et al., 1988) . Using a difference of 7Db7X0.1 we observed acquired methylation in 6 out of the 13 genes (ARHGDIB, ARMCX2, COL1A1, FLNA, MEST and MLH1) in chemoresistant, post-chemotherapy cell lines (Table 2) . One hypothesis of how drug resistance evolves implies the expansion of the so-called tumour-initiating or cancer-sustaining cells (CSCs; Rajasekhar et al., 2008) . This population of cells is thought to share many characteristics with normal stem cells including the capacity to self-renew and to survive drug treatment (Dean et al., 2005) . According to this paradigm, the acquisition of drug resistance results from repopulation of the tumour with inherently drug-resistant CSCs following chemotherapeutic treatment. We examined whether candidate drug-resistant drivers showed altered methylation in CSCs obtained from an ovarian cancer cell line by comparing the b-values of the set of 13 genes in independently sorted side populations (SPs) of IGROV1 cells (n ¼ 2) versus non-SPs. We have previously shown that IGROV1 SPs have tumour stem celllike properties, including the ability to form tumours in NOD/SCID mice at low cell number, enhanced ability to grow as spheroids, ability to repopulate SP and non-SP cells and expression patterns with significant enrichment for known stem cell markers (Rizzo et al., 2011) . We have also previously shown that IGROV1 SP are more resistant to cisplatin and carboplatin than non-SP IGROV1 cells (Rizzo et al., 2011) . Although we did attempt to isolate SPs from A2780, the numbers of SP cells present were too low to allow detailed phenotypic and molecular analysis.
Applying a 7Db7X0.1 we observed five genes as having higher methylation in IGROV1 CSC populations (ARMCX2, COL1A1, MEST, MDK and MLH1; Table 2 ). Notably, four of these genes had acquired methylation in in vivo derived cisplatin-resistant cell lines (ARMCX2, COL1A1, MEST and MLH1), supporting enrichment of methylation at these loci in chemoresistant cell populations.
We further evaluated the methylation status of the 13 candidate genes in clinical specimens using seven pairs of matched primary ovarian tumours and tumours at Epigenetic drivers of resistance in ovarian cancer C Zeller et al the time of relapse. Methylation of 8/13 genes was acquired in tumours following platinum-based chemotherapy ( Table 2) . Three of these genes (ARMCX2, MEST and MLH1) were found to have higher methylation in chemoresistant in vivo derived cell lines, CSC populations and tumours at relapse, supporting the clinical relevance of changes at these loci.
Discussion
Substantial DNA methylation changes have previously been reported to occur during the acquisition of platinum resistance. Among those changes, hypermethylation at CGI promoters and associated epigenetic silencing are prevalent in various cell line models (Dai et al., 2008; Li et al., 2009; Chang et al., 2010) and are thought to, either alone or in combination with genetic changes, account for the loss of expression of key genes in the platinum-responsive phenotype. However, our knowledge of whether these DNA methylation changes and aberrantly inactivated genes are actually driving chemoresistance is limited. By integrating drug induced resensitization, methylation and expression profiling in an isogenic, cisplatin-resistant ovarian cancer cell line model, we present evidence that the proportion of key DNA methylation and linked expression changes associating with response to chemotherapy is surprisingly small. Our results indicate that o1% of hypermethylated genes in independent platinum-resistant ovarian cancer cell lines account for the acquisition of platinum resistance. Indeed, by comparing methylation changes in multiple independent cisplatin-resistant derivatives of A2780, we identify as few as 13 key genes that acquire methylation at associated CpG sites. These are strong candidates for drivers of resistance in this genetic background, although other genes may be more important in other ovarian tumour genetic backgrounds. However, we show that a high proportion of Epigenetic drivers of resistance in ovarian cancer C Zeller et al the loci identified acquire methylation in ovarian tumours at relapse (8/13) and are differentially methylated in drug-resistant ovarian tumour sustaining (stem) cells (5/13). Therefore, methylation at CpG sites at these genes are key candidate epigenetic drivers of acquired drug resistance independent of genetic background. Few previous studies established hypermethylation as a marker of platinum-resistant ovarian cancer cell lines on an epigenome-wide basis (Dai et al., 2008; Li et al., 2009) . Although the mechanism of how drug-resistant cells accumulate methylation is unresolved, there are clear examples showing an association between epigenetic silencing of specific genes and drug response. For example, acquired MLH1 CGI hypermethylation and associated gene inactivation are observed following platinum-based chemotherapy in ovarian cancer and is associated with poor clinical outcome (Gifford et al., 2004) . Re-expression of MLH1 in chemoresistant cell lines has been shown to partially restore their sensitivity to subsequent cisplatin therapy (Plumb et al., 2000; Papouli et al., 2004) . Notably, our list of methylationdependent genes included MLH1, substantiating the hypothesis that we have identified a specific subset of genes that drive the acquisition of drug resistance. It has to be noted, however, that full resensitization of cells to platinum-based drugs could not be achieved via MLH1 re-expression alone in cell line models, in contrast to reversal of methylation using demethylating agents that fully restore chemosensitivity and induce re-expression of multiple genes (Plumb et al., 2000; Papouli et al., 2004) . These observations support the idea that the induction of additional repressed genes to MLH1 is vital for full restoration of drug sensitivity in these models. However, this also illustrates the challenges in demonstrating direct effects of a gene on chemosensitivity in vitro based on gene reintroduction, where the effects may be small or require inactivation of multiple genes. Our results indicate that several methylation changes are directly associated with chemosensitization induced by demethylating agents combined with HDAC inhibitors. Similar observations have been reported in other tumour types (Chang et al., 2010) ; however, our data also reveal that epigenetic alterations associated with sensitivity to cisplatin occur at a few selected genes rather than at large numbers of loci in this cell line model (Glasspool et al., 2006) . The group of epigenetically inactivated genes was upregulated by DAC and also the combined DAC and Belinostat treatment, but remained unaffected by Belinostat alone, with the exception of GLUL. Consistent with previous reports, the inhibition of HDAC did not add extensively to the number of re-expressed genes, with only two additional genes (SERPINB2 and HIST1H2BF) being reinduced (Cameron et al., 1999; Suzuki et al., 2002) . Addition of an HDACi can markedly increase the level of gene re-expression such as MLH1 in vitro and in vivo (Steele et al., 2009 ), but may not convert further genes to re-express. Although other studies reported lack of methylation of genes responsive to HDACi and, partially, to DNMTi (Suzuki et al., 2002) , our analysis specifically extracted genes that were hypermethylated in chemoresistant cell lines. One explanation for this discrepancy could be the method that we used for identification of differentially expressed genes. We applied the rank products method based on our aim to detect differences that consistently rank highly across any number of replicate experiments and that are most likely to have biological significance. This form of analysis avoids identifying a fold change that exceeds an arbitrary threshold. Conversely, this method can identify subtle changes and these subtle changes may be missed by other methods.
Our subset of candidate drug-resistant drivers was identified using an isogenic cell line model. Although this model allows identifying changes ultimately linked to cisplatin exposure, detection of genes in identical rather than in diverse genetic settings, as well as issues surrounding in vitro selection, may be a limitation to the value of this gene set. However, we observed increased methylation of 6 out of the 13 candidate genes in at least one of the three cisplatin-resistant in vivo derived cell lines. We further observed acquired methylation of five out of these six genes in tumours at relapse. Although our set of matched tumour pairs before and after chemotherapy was small due to the clinical challenges in obtaining such matched samples, this nevertheless suggests that the acquisition of methylation at these genes may be a common event occurring during acquired cisplatin resistance and may be clinically relevant. Notably, the low frequency at which epigenetic changes are acquired at candidate drug-resistant drivers shows analogies to driver mutations that often present at a low frequency (Wood et al., 2007) and might, therefore, be missed within a small set of tumours. Interestingly, we also observed increased methylation at three (ARMCX2, MEST and MLH1) out of these five commonly hypermethylated candidate genes in drugresistant sustaining (SP) cells isolated from the human ovarian tumour cell line IGROV1 as compared with the bulk of the tumour cells. Our observation could indicate that hypermethylation and epigenetic silencing of this subset of three genes are already present in stem cells. As SPs are believed to contain the cells responsible for maintenance of long-term growth of ovarian cancer (Bapat et al., 2005; Szotek et al., 2006) , regrowth of these cells could be contributing to manifesting a drugresistant phenotype (Agarwal and Kaye, 2003) .
Silencing of MLH1 leads to the loss of DNA mismatch repair, which in turn has been suggested to lead to platinum DNA damage tolerance due to translesion synthesis, reduced replication stalling or reduced signalling of cell death pathways (Stojic et al., 2004; O'Brien and Brown, 2006; Yoshioka et al., 2006) . However, little is known about the function in drug resistance of the other genes found to commonly acquire methylation in tumours and cell lines at relapse and in drug-resistant SP populations. ARMCX2 might have a role in tumour suppression based on the presence of an armadillo repeat motif, which is found in other proteins fulfilling functions in cell proliferation, migration, maintenance of tissue integrity and tumourigenesis, and has been involved in development (Smith et al., 2005) . MEST, a maternally imprinted gene, has been implicated in embryonic growth and maternal behaviour (Lefebvre et al., 1998) , and loss of MEST imprinting has been reported in breast and lung cancers (Pedersen et al., 2002; Nakanishi et al., 2004) . Interestingly, it has recently been shown that MEST is a negative regulator of the Wnt pathway and that MEST knockdown might activate Wnt signalling (Jung et al., 2011) . Epigenetic regulation of Wnt pathway genes has previously been shown to be associated with patient survival following platinum-based chemotherapy and chemoresistance in ovarian cancer Peng et al., 2011) .
Taken together, we have identified a key subset of genes potentially driving acquired drug resistance in ovarian cancer from the large number of epigenetic changes occurring following chemotherapy. As well as providing novel insight into mechanisms of drug resistance, this has identified candidate biomarkers for further evaluation in future clinical studies, including potential stratification biomarkers in clinical trials of epigenetic therapies that reverse the acquired resistance phenotype.
Materials and methods

Cell lines
In vitro derived A2780p5, A2780p6, A2780/cp70, A2780/ MCP1 and A2780/MCP6 cell lines (Anthoney et al., 1996) were obtained from Dr Robert F Ozols (Fox Chase Cancer Centre, Philadelphia, PA, USA). PEO1, PEO4, PEO14, PEO23, PEA1 and PEA2 in vivo derived cell lines (Langdon et al., 1988) were obtained from Professor Hani Gabra (Imperial College). Isolation of SPs and non-SPs of IGROV1 cells was performed as described previously (Rizzo et al., 2011) . The identity of the cell lines was verified by DNA genotyping. All cell lines were grown in RPMI-1640 supplemented with glutamine (2 mM) and 10% fetal bovine serum.
Tumour samples
Seven pairs of matched serous epithelial ovarian tumours before chemotherapy and at relapse were obtained from the University Medical Center Groningen. Appropriate ethical approval was obtained for all the collected samples.
Methylation profiling
All array-based methylation profiling was performed using the Infinium HumanMethylation27 BeadChip (Illumina, San Diego, CA, USA), except for DNA methylation profiling following treatment with epigenetic remodelling agents, which was performed using Infinium HumanMethylation450 BeadChips (Illumina). A total amount of 1 mg genomic DNA was bisulphite modified using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA). In all, 200 ng of converted DNA was further processed to run BeadArrays according to the manufacturer's instructions. Each locus is represented by fluorescent signals from two bead types corresponding to the methylated (M) and unmethylated (U) alleles, respectively. The raw signals of unmethylated and methylated bead types were background corrected and computed into a b-value using the BeadStudio software Methylation Module (version 1.0.5; Illumina). The b-value represents the ratio of the intensity of the methylated bead type to the combined locus intensity:
and reflects the methylation status of a specific CpG site. Subsequent analysis was carried out in R (version 2.10.1), http://www.r-project.org/.
The reproducibility of the BeadChips was evaluated using biological (independent bisulphite modifications of two independently prepared DNAs) and technical replicates (bisulphite conversion of identical DNA) of matched chemosensitive/chemoresistant ovarian cancer cell lines PEO1/PEO4. b-Values of biological and technical replicates of PEO1 and PEO4 were highly correlated with r 2 values 40.99 (Supplementary Figure S1 ).
Gene annotation was carried out using the Mar. 2006 (NCBI/ 36/hg18) assembly at the UCSC database (http://genome.ucsc.edu/). Individual CpG sites located within a CGI as defined by Gardiner-Garden and Frommer (1987) were linked to an associated gene if the CGI was within 2 kb distance from the respective transcription start site (Saxonov et al., 2006) . Non-CGI-related CpG sites were linked to a gene if they were located within 2 kb from the transcription start site.
For pairwise differential methylation analysis, the difference of two biological replicates of the ovarian cancer cell lines PEO1 and PEO4 was calculated as the expected difference (null distribution). The observed difference was calculated from the paired samples. Using bootstrap resampling method, we extracted the same number of CpG sites (n ¼ 27 578) from the null distribution 200 times. Each time, a FDR was calculated using the formula below. The median of FDRs was used as an estimation of the probability that CpG sites with differential methylation above the selected cutoff were identified by chance. This median FDR was set at 0.05 corresponding to 7Db7X0.1. Pyrosequencing PCR was performed in duplicate for each sample in a 25 ml volume containing 0.2 ml Faststart Taq polymerase (Roche, Welwyn Garden City, UK), 2.5 ml Faststart Buffer (Roche), 0.2 mM dNTPs (Applied Biosystems, Warrington, UK), 75 ng primers (each) and 1 ml of modified DNA template using the following conditions: 95 1C for 6 min, 35 cycles of 95 1C for 30 s, 60 1C for 30 s, 72 1C for 30 s, followed by 72 1C for 5 min. Pyrosequencing of PCR products was performed using the PyroGold Reagent Kit (Qiagen) according to the manufacturer's instructions. The methylation percentage of CpG sites for individual genes was calculated by using the Pyro Q-CpG software (version 1.0.9), Biotage (Uppsala, Sweden), and then averaged across sensitive and resistant A2780 derivatives, respectively.
Treatment of cells with DNMT inhibitor and/or HDAC inhibitor
Cells were treated at 50% confluence with 0.1. mM 5-aza-2 0 -deoxycytidine (DAC) (Sigma-Aldrich, St Louis, MO, USA) or 0.1 mM Belinostat or mock treated for 48 h. DAC was replaced after 24 h. For combined DAC/Belinostat treatment, DAC (0.1 mM) was added for 48 h, with Belinostat (0.1 mM) being added for an additional 24 h following the initial 24 h DAC treatment. Cells were harvested 96 h following drug removal.
RNA extraction and microarray analysis Total cellular RNA was isolated using the RNAeasy kit (Qiagen) according to the manufacturer's instructions. RNA quality was verified using the Agilent 2100 Bioanalyser (Agilent, Wokingham, UK). Expression profiling was carried out using the Human Genome U133 Plus 2.0 Array (Affymetrix, High Wycombe, UK) following the manufacturer's recommendations. Three biological replicates were used for each sample. The raw expression data were normalized as previously described (Irizarry et al., 2003) . Subsequent analysis was performed in R (version 2.10.1). Data were log2 transformed, and signal intensity and statistical significance were established for each transcript. Rank products (Breitling et al., 2004) was applied to identify differentially expressed genes using individual probes, and significance was set at a FDR o0.05.
Data deposition
Methylation and expression profiling data are available in NCBI's Gene Expression Omnibus (GEO accession number: GSE28648). Relative expression was determined by applying the comparative C t method (Schmittgen and Livak, 2008) using GAPDH as the internal control gene.
Reverse transcription and real-time PCR
